The transfer of molecules between cells during cognate immune cell interactions has been reported, and recently a novel mechanism of transfer of proteins and genetic material such as small RNA between T cells and APCs has been described, involving exchange of extracellular vesicles (EVs) during the formation of the immunological synapse (IS). EVs -a term that encompasses exosomes and microvesicles -have been implicated in cell-cell communication during immune responses associated with tumors, pathogens, allergies and autoimmune diseases. This review focuses on EV transfer as a mechanism for the exchange of molecules during immune cell-cell interactions.
INTRODUCTION
The cells of a multicellular organism communicate through a wide variety of mechanisms that include not only direct cell-cell contact but also the secretion of molecules and vesicles that travel to distant cells (1) . Mammalian cells secrete a variety of extracellular vesicles (EVs). EVs were first isolated from cultured cells but have more recently been detected in diverse body fluids such as blood, urine, milk, synovial fluid, bronchoalveolar lavage, amniotic fluid, and malignant ascites. Extensive research showed that EVs contain proteins and RNA molecules that can be transferred from the parent cell to other cells. Contactindependent release of EVs thus potentially allows the exchange of molecular messages over a distance (2) .
During cell-cell contact, molecules can be exchanged through different structures, such as nanotubes and gap junctions, and processes such as trogocytosis, trans-endocytosis and, as shown more recently, the transfer of EVs (3) . The immune synapse is a highly-adapted device for communication between immune cells that consists of a tightly-structured contact induced during antigen presentation between a lymphocyte and a cognate antigen-presenting cell (APC) (4, 5) . This IS concentrates the structures and mechanisms for molecular information exchange at a highly-organized contact area, and the sharing of proteins through the IS has been described (3) . Recently the IS was also shown to support the polarized transfer of genetic material (in the form of microRNA) by the shuttling of exosomes from the T cell to the APC (6) .
This review summarizes the evidence of EV secretion by immune cells and the mechanisms of protein and RNA exchange between these cells. The review focuses on EV transfer at the IS but also examines other structures for molecular exchange.
EVs contain receptors involved in antigen (Ag) presentation, including class I and II MHC molecules, the co-stimulatory molecules CD83 and CD40, BCR (B-cell-derived exosomes), TCR (T cells), and FceRI (Mast cells). EVs can also contain cytokines and their receptors, including Tumor necrosis factor-alpha (TNFα), TNFαR, Transforming growth factor-beta (TGF-β), IL-1β, IL-18, IL-32 (34) (35) (36) , and death receptors ligands such as FASL or TRAIL (37, 38) . The TfR is exported from cells through the exosome pathway (39) . Other immunoregulatory molecules present in EVs include galectins (40) (41) (42) . Exosomes also contain components involved in signaling via Wnt (Evi, beta-catenin, Wnt3a, Wnt5a) and Ras (CRK, GRB2) (32, (43) (44) (45) (46) .
Inside exosomes-In their interior exosomes carry cytoskeletal components (tubulin, actin, cofilin, profilin), proteins involved in intracellular vesicle trafficking (annexins I, II, IV, V, and VII, and the small GTPase family members rab7 and rab11), and cytosolic proteins involved in signal transduction (G i2 α, syntenin, 14-3-3, and beta-catenin) and protein translation (elongation factor-1α and elongation initiation factor-4A). Importantly, exosomes also contain several proteins recently-identified as related to apoptosis, either as markers released by apoptotic cells (histones H2A-H4), or pro-or anti-apoptosis factors (AIP1/alix, thioredoxin peroxidase II (TPxII), 14-3-3, and galectins) (47) (Figure 1 ).
The endosomal origin of exosomes is reflected in the presence of components of the ESCRT complex, such as Alix and Tsg101. Heat-shock proteins (hsp) and chaperones are also very abundant inside exosomes (48) . Many proteins in the exosomal interior are polyubiquitinated (49) . Metabolic enzymes contained in exosomes include pyruvate kinase, enolase-α, fatty-acid synthase, phospholipase D2 (pLD2) and glyceraldehyde 3 phosphate dehydrogenase (44, 50 ).
An unexpected finding was that EVs contain DNA and RNA. EVs derived from embryonic stem or tumor cells contain mRNA (51, 52) , and exosomal mRNA content changes in response to cell stress (53, 54) . EVs also contain microRNAs (55) . The mRNAs and miRNAs contained in EVs differ from the miRNA and mRNA repertoire of the parent cell, indicating the existence an as-yet undefined mechanism for sorting specific RNAs into EVs. In addition to sorting proteins, the ESCRTI complex might also mediate the sorting of RNAs into EVs, since it can directly bind RNA (56) and control RNA silencing mechanisms (57, 58) . Some autoantigenic ribonucleoproteins (RNP) have been detected in exosomes, such as the nuclear phosphoproteins DEK (59) and BAT3 (60) . An updated repetoire of miRNAs and mRNAs found in exosomes is available at Exocarta (http://exocarta.org/index.html).
Function of immune EVs
B-cell and T-cell EVs-EVs derived from T cells have been shown to have a role in immune response regulation. Like other immune cells, T cells release EVs constitutively, but secretion is enhanced by stimuli such as TCR triggering or T-cell activation (61, 62) . In fact, EV secretion by T cells is stimulated by signals that increase intracellular calcium (63) . CD4 T cells produce three distinct vesicle subsets, of which one increases more than the others upon T-cell activation depending on the level of co-stimulation, suggesting that the Tcell activation status differentially regulates the release of distinct vesicle subpopulations (62) . Activated human T cells release bioactive Fas ligand and APO2 ligand in EVs (37), thereby promoting activation-induced cell death (38) . Moreover, EVs from OVA-specific CD8+ T cells are taken up by DCs, leading to downregulation of peptide-MHC expression, induction of apoptosis in OVA -loaded DCs, and inhibition of DC(OVA)-stimulated CD8+ cytotoxic T-lymphocyte (CTL) responses in mouse models of cancer and diabetes (64) . In addition, EVs from Jurkat T-and Raji B-cell lines constitutively express NKG2D ligands, which are upregulated during thermal and oxidative stress and inhibit NK cytotoxicity (65) (Figure 2) . EVs of activated CD8+ T cells activate ERK and NF-κB in melanoma cells, leading to increased MMP9 expression and thus promoting cancer cell invasion in vitro, suggesting a role for T-cell EVs in tumor progression; however they do not affect tumor-cell apoptosis or proliferation (66) . EVs formed from the MVBs of CD8+ CTLs also contain granzymes and perforin (67) . These MVBs fuse with the CTL plasma membrane during IS formation with targets cells, thus promoting the release of EVs that may have a role in the killing of the target cell (68) .
The release of EVs by B cells is stimulated by interaction with Ag-specific CD4 T cells (69) , BCR crosslinking (70) , and CD40/IL4 signaling (71) . B-cell EVs have been reported to induce adaptive immune responses. For example, engagement of antigen-loaded B cells with specific CD4 T cells stimulates release of EVs bearing peptide-MHC-II complexes that directly stimulate primed, but not naïve, CD4+ T cells (69) (Figure 2 ). Moreover, B-cell EVs loaded with birch allergen Bet v 1 induce proliferation of Bet v 1-specific T cell lines and secretion of IL-5 and IL-13 (72); and EVs from B cells fix and release C3 fragments on EVs, which stimulate T-cell proliferative responses in the presence of suboptimal doses of Ag and recipient APCs (73) . Finally, EVs from B cells seem to be important for cell-cell interactions during EBV infection through the transfer of viral proteins (74) and RNA (75) to non-infected B cells and DCs.
Dendritic-cell EVs-DCs also secrete EVs constitutively, but release is reported to be further increased by TLR stimulation (76) and the activation of the purinergic receptor rP2X7 (77) . In contrast, other reports show decreased EV release by LPS-matured DCs than by immature DCs (78, 79) . EVs secreted by DCs are implicated in the amplification of immune responses in vivo, with EVs from Ag-loaded DCs inducing Ag-specific CD4+ T cell and CD8+ CTL activation (80) (81) (82) and Ag-specific humoral responses (81) . Whether Ag-loaded EVs can activate T-cell responses directly or only through their capture by recipient DCs is unclear. Some reports show that T-cell activation in vitro by EVs derived from Ag-loaded DCs occurs only in the presence of CD8α-DCs, which can be MHCIInegative but must express CD80 and CD86 (82) ; in contrast, other reports show that EVs derived from Ag-loaded DC can directly stimulate T-cell proliferation (81, 83) and cytokine secretion (84) . EVs from OVA-pulsed DCs can also be taken up by ConA-stimulated bystander CD4+ T cells, which express the acquired exosomal MHCI-OVA complexes and act as APCs able to stimulate OVA-specific CD8+ T-cell proliferation and the generation of memory CD8+ T cells (83) . DC-derived EVs are also implicated in alloantigen spreading between host DCs after transplantation (85) . These findings suggest that EVs exchange peptides or peptide-MHCII complexes between cells, thus increasing the number of cells presenting an antigen (Figure 2) .
A role of DC-derived EVs in the generation and amplification of immune responses has been shown in several contexts (Figure 2 ). Host immature DCs (iDC) can internalize and process blood-borne allogeneic EVs, load the EV-derived allo-peptide into MHCII for presentation, and activate CD4+T cells, demonstrating a role for EVs in promoting T-cell responses to allogeneic antigens (86) . DC-derived EVs can also carry antigens or crossreactive antigens from different pathogens and induce immune responses against them, thus protecting hosts from infection (78, 87, 88) (Figure 2 ). These findings suggest that DCderived EVs have potential in the design of vaccines against different pathogens. The maturation state of DCs influences the ability of DC-derived EVs to stimulate immune responses, with EVs derived from mature DCs (mDC) carrying more MHCII, ICAM-1 and co-stimulatory molecules than iDC-derived EVs and being more potent T-cell stimulators (78, 79) . Moreover, EVs from mDCs but not iDCs can transfer the ability to activate naïve T cells to B cells (79) . DC maturation state also conditions the cell miRNA profile of DCderived EVs (89) . DC-derived EVs are implicated in the induction of immune responses to tumors. For example, mDCs pulsed with OVA-EVs stimulate proliferation and differentiation of CD8+ T cells into CTLs, consequently reducing metastatic colonies and protecting mice from growth of established OVA-expressing tumors (90) . DC-derived EVs have also been linked to anti-metastatic effects through the promotion of the proliferation and activation of NK cells (91) , suggesting their possible use for tumor vaccination. Indeed, EVs from OVApulsed DCs are more effective inducers of antitumor immunity than EVs from OVAexpressing tumor cells (92) . Also, when combined with CpG adjuvants, DC-derived EVs alone can trigger anti-tumor CD8+ T-cell responses (93) . DC-derived EVs can also activate the immune response at other levels. For example, EVs from LPS-treated DCs are internalized by epithelial cells and induce secretion of pro-inflammatory cytokines, revealing a role for DC-derived EVs also in innate immunity (36) . DC-derived EVs have also been shown to induce NF-KB activation in microglia cells (94) .
Depending on the context or the activation state of the donor DC, it has also been proposed that EVs from DC can also induce tolerance rather than immunogenicity. For example, EVs from iDCs inhibit alloreactive T-cell responses, thus prolonging allograft survival (95, 96) , and prevent cytokine production by NK cells (60) . The tolerogenic properties of iDCs have led to their proposed use as immunosuppressor agents. Indeed, when combined with LF 15-0195 -an immunosuppressive agent that blocks DC maturation -DC-derived EVs induced a donor-specific allograft tolerance characterized by strong inhibition of the antidonor proliferative response (97) . In addition, when modified by transfection with IDO (98) or FasL (99) or by treatment with IL-10 (100), DC-derived EVs suppress immune responses in models of collagen-induced arthritis and delayed-type hypersensitivity.
EVs from other cells of the innate immune system-Communication by the release of EVs has also been described for other immune cell types. Mast cells produce EVs that contain RNA, which can be transferred to other mast cells and translated into proteins in recipient cells (55) . EV transfer between mast cells also confers protection against oxidative stress (53) , and mast-cell-derived EVs can participate in adaptive immune responses by activating splenocyte proliferation and cytokine secretion (101) . Moreover, mast-cell EVs contain endocytosed antigens (Ag) and hsps, and these EVs can induce iDC maturation and acquisition of the capacity to present antigen to Ag-specific T cells (102) (Figure 2 ). EVs from neutrophils can alter the antigen presentation capacity of DCs by reducing their phagocytic activity, increasing their release of TGF-β1 and inhibiting LPS-induced maturation and reducing their capacity to induce T-cell proliferation (103).
Macrophage-derived EVs might play a role in atherosclerosis, since oxLDL-immune complexes induce the formation and release of EVs containing hsp70 and IL-1β by an ASMase dependent mechanism (104) . EVs derived from monocytes and the plasma of atherosclerosis patients contain and deliver miR-150 to endothelial cells, thus downregulating c-myb and enhancing endothelial-cell migration, a central process in atherosclerosis disease (105) .
Endothelial EVs-Endothelial cells play a major role in immune responses and are central to the development of inflammatory diseases (106) . EVs derived from endothelial cells have been shown to play a role in atherosclerosis. For example, endothelial-derived apoptotic bodies, which are generated during atherosclerosis, trigger the production of the chemokine CXCL12 in recipient vascular smooth muscle cells (VSMC). The CXCL12 production is mediated by transfer of miR-126, which represses the function of regulator of G-protein signaling 16 (RGS16). Administration of miR-126-containing apoptotic bodies limits atherosclerosis, promotes the incorporation of Sca-1+ progenitor cells, and induces plaque stability features in mouse models of atherosclerosis (107) . Also, EVs derived from KLF2-transduced or high-shear-stress-stimulated HUVECs (protected from atherosclerosis formation) contain miR-143/145, which controls target-gene expression in co-cultured SMCs and reduces atherosclerotic lesion formation in the aortas of ApoE(−/−) mice. These results suggest that atheroprotective stimuli induce communication between endothelial cells and VSMCs through a miRNA-and EV-mediated mechanism (108).
EVs derived from endothelial cells have also been implicated in angiogenesis and thrombosis (Recently reviewed in (109)). Endothelial EVs transfer the Dll4 protein to other endothelial cells, resulting in loss of the receptor Notch, inhibition of Notch signaling and enhanced vessel formation (110) . EVs derived from endothelial progenitor cells have also been shown to be incorporated into non-descendent endothelial cells and promote endothelial-cell survival, proliferation, and organization into capillary-like structures (111), presumably by the transfer of RNA.
Tumor EVs and the regulation of the immune response-Tumor cells constitutively produce EVs without any need for stimulus, although EV release is increased by stress conditions like heat shock or anticancer drugs (112, 113) . Tumor-derived EVs suppress anti-tumor immune responses at many levels, thus promoting tumor progression. Several reports indicate that tumor-derived EVs can inhibit T-cell activation and proliferation and promote their apoptosis (114) (115) (116) (117) . Activated CD8 + and CD4 + T lymphocytes are suggested to be differentially modulated by tumor-derived EVs based on the observation that tumor EVs inhibit signaling, proliferation and induced apoptosis by activated CD8 + T cells but not CD4 + T cells (118) . The effects of tumor-derived EVs on T cells seem to be dependent on EV expression of FasL, TRAIL, membrane-bound TGFβ, CD73, or galectins (34, 41, 116, 117, 119) . Furthermore, the suppressor activity of tumor EVs seems to involve induction of the generation, expansion and suppressive function of human regulatory T cells (118, 120) . Apoptotic bodies derived from tumor cells are suggested to be the EVs involved in the induction of T-cell regulatory responses (121) (Figure 3 ).
Tumor-derived EVs can also suppress immune-cell responses by inhibiting the cytotoxic actions of CD8+ T cells and NK cells (34, (122) (123) (124) (125) . This inhibition is mediated mainly by NKG2D downregulation through a mechanism partly dependent on the expression of NKGD2 ligands (122) (123) (124) and TGFβ (123, 125) on the tumor EV surface. The inhibition of cytotoxic T-cell function has also been suggested to be induced in part by the increased Tcell ROS content mediated by melanoma-derived EVs (126) (Figure 3 ).
Tumor EVs can also suppress immune responses by modifying myeloid precursors toward a more tolerogenic phenotype (Figure 3 ). For example, EVs derived from mammary tumors inhibit the differentiation of bone marrow precursors into DCs through a mechanism dependent on IL-6 secretion (127) . Similarly, CD14+ monocytes incubated with tumorderived EVs turn into HLA-DR(−/low) cells, which fail to up-regulate co-stimulatory molecules and show TGFβ-dependent suppression of activated T-cell proliferation and cytolytic functions (128) . Moreover, tumor EVs induce the differentiation of myeloid cells into myeloid-derived suppressor cells (MDSCs), which promote tumor growth in vivo. EVmediated induction of MDSCs appears to depend on the tumor environment, since EVs derived from cultured tumor cells express less PGE2 and TGFβ, and are therefore less potent MDSC inducers (129) . Tumor EVs are also proposed to activate the suppressor function of MDSCs by inducing autocrine IL-6 production and activating stat-3 (130) . Tumor-derived EVs are also suggested to suppress immune-cell responses by releasing EVs bearing membrane-associated ICAM-1, which inhibit leukocyte adhesion to TNFα-activated endothelial cells (131) .
Tumor EVs also contribute to tumor progression by inducing angiogenesis, tumor invasion and metastasis (52, (132) (133) (134) (135) (136) (137) . Tumor-derived EVs contain pro-angiogenic miRNAs, mRNAs and proteins, which can be taken up by endothelial cells and stimulate angiogenesis and the formation of pre-metastatic niches in vivo (52, 135) . Highly-metastatic tumor-derived EVs induce a pro-metastatic behavior in bone-marrow progenitors, thereby increasing primarytumor metastasis, in a process partially dependent on tyrosine-kinase receptor MET expression (138) . Several reports suggest that tumor-derived EVs contribute to tumor growth through a direct effect on tumor-cell proliferation (52, 139) (Figure 3) . Another way in which tumor-derived EVs can contribute to tumor progression is by sequestering tumorreactive antibodies and decreasing their binding to tumor cells, thus inhibiting antibodydependent anti-tumor cytotoxicity (140) and reducing the effectiveness of antibody-based anti-cancer drugs (141) .
Despite their capacity to promote tumor progression by inhibiting T-cell-and NK-mediated immune responses, tumor EVs also activate Ag-specific allogeneic and syngeneic anti-tumor immune responses by transferring tumor antigens to APCs (142, 143) . The immunogenicity of tumor-derived EVs seems to be related to the state of the producer tumor cell. Thus EVs from heat-stressed tumor cells contain more hsps and induce stronger anti-tumor immunity than EVs from control tumor cells (112, (144) (145) (146) .
In summary, tumor-derived EVs promote tumor growth by inhibiting anti-tumor immune responses and stimulating tumor proliferation and metastasis. However, under stress conditions tumor cells produce EVs that, in addition to tumor antigens, contain more hsps and stimulate anti-tumor immune responses, making them good candidates for anti-tumor therapies. Moreover, tumor-derived EVs seem to be excellent candidate tumor biomarkers, since they contain tumor antigens as well as cell-origin-specific markers, and are ubiquitous in easily-accessible biofluids.
EVs and pathogens-During infection, EVs from several cell types modify antipathogen immune responses, thus favoring immune evasion. For example, Trypanosome cruzi infection promotes secretion of EVs by monocytes, which inhibit complementmediated lysis of T.cruzi and promote parasite invasion and survival (147) . EVs derived from Mycobacterium-infected tumor cells induce IL-10 production by splenic B cells and inhibit T-cell proliferation (148) . EVs released by virus-infected cells can also modify immune responses. For example, EVs from rotavirus-infected intestinal epithelial cells inhibit CD4+ T-cell proliferation and promote cell-death through a TGFβ-dependent mechanism (149); and HIV-infected lymphocytes secrete Nef-containing EVs that trigger apoptosis in T cells (150) . However, in some cases the release of EVs by infected cells induces effective immune responses against the specific pathogen and contributes to the eradication of the infection. For example, EVs from Mycobacterium-infected macrophages contain PAMPS and stimulate TLR/MyD88 dependent pro-inflammatory responses in uninfected macrophages (151) and also induce DC maturation and Ag-specific T-cell responses (152) (Figure 2 ). In addition, EVs from reticulocytes infected with Plasmodium yoelii increase parasite clearance (153) . Sometimes microorganisms themselves secrete EVS that enhance immune responses against the pathogens (154, 155) .
Other immune-related-scenarios-Other non-immune cells secrete EVs that affect immune responses against diverse antigens, thus promoting immunogenic or tolerogenic effects. EVs from intestinal epithelial cells carrying OVA and αvβ6 induce the secretion of active TGFβ by DCs, the generation of FOXP3+ regulatory T cells, and the inhibition of Ag-specific Th2 responses against food Ag, revealing a role for intestinal epithelial EVs in oral tolerance (156) . EVs from serum of OVA-fed mice protect against allergic sensitization with OVA in a mouse model of allergic asthma by decreasing the number of eosinophils and the level of OVA-specific IgE and inducing regulatory T cells (157) . Also, EVs from bronchoalveolar fluid of ole-e1-tolerized mice inhibit allergen-specific responses in olechallenged mice (158) . The tolerogenic properties of EVs have also been shown in the context of pregnancy. Placental EVs carry NKG2D ligands on their surface and induce downregulation of the NKG2D receptor on NK, CD8+ and γδ T cells, reducing their cytotoxicity (159) . In addition, EVs from serum of pregnant women delivering at term express higher levels of FasL than EVs from pregnant women delivering preterm, and inhibit IL-2 production by CD4+ T cells (160), revealing a possible role for FasL+ EVs in the induction of tolerance to the fetus.
EVs from intestinal epithelial cells may have an immunogenic role by activating Ag-specific T-cell responses through the transfer of Ag to DCs (161) . Similarly, oral adjuvants are proposed to be transported across the intestinal epithelium through the secretion of EVs by epithelial cells, resulting in the activation of naïve macrophages (162) . EVs might also aggravate immune responses to autoantigens in autoimmune diseases. For example, EVs from an insulinoma cell line express candidate diabetes autoantigens and induce APC expression of co-stimulatory molecules, splenocyte proliferation, and pro-inflammatory cytokine secretion; moreover, injection of these EVs into diabetes-resistant mice accelerates insulinitis development (163) . Also, EVs from oligodendrocytes express multiple-sclerosisrelated autoantigens that are preferentially taken up and subsequently degraded by MHCIInegative microglia cells; however, these cells do not appear to be activated or to provoke an immune response (164) .
TRANSFER OF EVs DURING IMMUNE SYNAPSIS
As mentioned, T lymphocytes and DCs can acquire exosomes from the extracellular milieu (79, 85, 165, 166) . Uptake of isolated exosomes seems to be influenced by activation of donor T cells (167) , the maturation state of recipient DCs (165) , and the presence of specific proteins like LFA-1 or ICAM-1 on exosomal or cellular membranes (64, 79, 167) . TCR specificity was suggested not to be required for exosomal uptake (167); however, others found that TCR specificity and the presence of antigen enhance their acquisition (6, 64) .
Despite these discrepancies about the role of the TCR and antigen specificity in exosome uptake from the extracellular milieu, it is clear that antigen specificity, through the formation of the IS, provides ample opportunity for cell-cell communication. Intercellular contacts like the IS and other immune-cell interactions are so intimate that they often involve membrane fusion and the formation of several membrane structures. These processes facilitate the exchange of molecules not only from cell surfaces but also from the cytoplasm of the cells involved. Moreover, the exchange of exosomes through the IS has been described to promote the uptake of membrane and intraluminal cargo by recipient cells (6) . IS-dependent transfer is supported by the finding that exosomal proteins are not transferred when the IS is disrupted or in the absence of antigen. However, the exact mechanism of IS-driven exosome transfer is still unresolved. At least two possibilities can be considered: i) transfer may occur through the IS itself; ii) exosomes could be released to the surrounding medium and acquired by the recipient cell, the IS thus making uptake more efficient than in the absence of cell-cell contact. Both possible routes have been described for IS-dependent transfer of cytokines and lytic factors (168) . While cytokines such as TNFα and the chemokine CCL3 are released multidirectionally, IL2 and IFNγ are secreted within the IS between CD4+ T cell and APC (169) . Directional secretion also occurs with lytic granules and factors released by CD8+ T cells during cytotoxic synapse with a target cell. In this case, directional and confined communication is especially important to safeguard surrounding cells from the cytotoxic action (170) .
Polarized secretion is guided by the reorientation of the microtubule-organizing center (MTOC) toward the IS, which is accompanied either by the Golgi apparatus in cytokinereleasing helper T cells or by lytic granules in cytotoxic T cells (171) . Preliminary evidence suggests that the mechanism of MTOC reorientation and MVB traffic for polarized secretion at the IS involves local production of second messenger lipids such as diacylglcyerol and its negative regulator, diacylgycerol kinase α (172). Further work is needed to better define the mechanism of directed exosomal release and uptake. Nevertheless, plasma-membrane fusion of MVBs at the IS zone is supported by the observed specific translocation of T-cell MVBs toward a functional IS and the selective uptake of exosomes only by APCs expressing MHCII and therefore able to form this functional IS (6) . The MVBs of APCs, whether DCs or B cells, do not translocate to the IS, indicating that although APCs might release exosomes during cognate interaction, polarized release as occurs in T cells is not feasible (6) . Intraflagelar transport proteins (IFT), specifically IFT20, have been described to be recruited to the IS on the T-cell side, and might regulate the polarized delivery of endosomal recycling vesicles containing the TCR (173) .
In the IS between a CD4+ T cell and an APC, which occurs in the context of a cell-dense scenario such as a lymph node, directionality may ensure exclusive delivery of the exosomal signal to the specific target cell, without affecting surrounding bystander cells. Safeguarding bystander cells is even more of an imperative in the case of contacts between CTLs and target cells. Similarities between lytic-granule release, exosome release at the IS, and neurotransmitter secretion at neuronal synapses are becoming increasingly evident (168) . However, the release of EVs other than exosomes is not influenced by the polarization of MVBs, and their release would therefore be undirected, not polarized, and may occur bidirectionally between the two participant cells.
In order for the exosomal cargo (both protein and genetic material) to be functional after delivery, it must avoid degradation in the recipient cell. Using fluorescently labeled exosomes, several studies have demonstrated internalization of exosomes by DCs and other phagocytes (85, 89, 165, 174) . Although internalized exosomes colocalize with late endosomes/lysosomes (86, 174) , allopeptides of exosomal origin are processed and later presented on the DC surface, demonstrating that exosomal cargo is not completely degraded (86) . Moreover, tumor-derived exosomes have been shown to fuse directly with melanoma cells at low pH (175) , although in other cell lines internalization occurs via the endocytic pathway, with proteins directed to lysosomes while lipids appear to be recycled (176) . In a recent study, luciferin-loaded exosomes induced luciferase activity in luciferase-transfected DCs, indicating release of exosomal content into the cytosol (89) . Further clarification of this issue awaits conclusive direct live-cell imaging of exosome fusion.
It has been reported that only phagocytic cells can internalize exosomes. (174) . Given that exosomal content depends on the cell of origin, it is feasible that exosome-cell interaction and the function of this communication are determined by the cellular context of both the recipient and the donor cell.
Exosomes have a similar protein and lipid content to retroviruses, and both use the same biogenesis pathway and cell-to-cell transmission mechanisms (165, 177) . The finding that HIV can be delivered through the virological synapse between infected and uninfected T cells and successfully infect the recipient cell (178) thus strengthens the case for exosomal delivery of functional cargo via the IS. In this regard, the use of 3′UTR-luciferase vectors to sense miRNA activity demonstrates that exosomally-transferred miRNA is functional only in IS-mediated cell-cell contacts: isolated exosomes added directly to recipient cells do not transfer functional miRNA (6) . However, other reports have detected the transfer of functional mRNA and viral miRNA by isolated exosomes (55, 75) . We propose that, whatever the precise delivery route, the IS acts as a highly-efficient platform that enhances functional, antigen-specific delivery of exosomal cargo to the cytosol of the recipient APC. It is therefore conceivable that in other systems (for example with a more phagocytic target) free exosomes might be able to deliver functional cargo. The elucidation of the mechanism by which exosomes are taken up by the recipient cell will help to explain these differences.
Evidence for exosome-mediated miRNA transfer is provided by the finding that miRNA transfer is inhibited when exosome release is impaired (6) . Transfer of synthetic miRNA and viral miRNAs between T and B lymphocytes has been reported, although it is not clear if this exchange is mediated by exosomes or other mechanisms (179) . There are thus numerous mechanisms for molecular exchange during immune cell-cell contacts. The following sections describe other possible mechanisms for protein exchange during IS formation: trogocytosis, trans-endocytosis, nanotubes and gap junctions (Figure 4 ).
OTHER MECHANISMS FOR TRANSFER OF MOLECULES DURING IS Trogocytosis
The term trogocytosis, from the Greek trogo, meaning gnaw or nibble, refers to the process of intercellular exchange of intact membrane patches that occurs during IS between lymphocytes and APCs (180) . Trogocytosis is very rapid compared with other membranetransfer mechanisms and allows the transfer of specific and intact proteins (3). One of the best-known examples of trogocytosis is transfer of peptide-MHC complexes from APCs to T cells (181) (182) (183) , and other studies have demonstrated a similar 'nibbling' of other cellsurface molecules by B and NK cells (3) . Trogocytosis of MHC-peptide proteins by the T cell is antigen dependent. More recently, bidirectional trogocytosis has been described, in which mouse APCs acquire the TCR and the counterpart T cell acquires peptide-bound MHC (184) . Although the mechanism of membrane patch transfer is unclear (3), advances in the study of the structure of the CD4 T-cell-APC IS are helping to shed light on it. Using electron microscopy and 3D tomography, T cells were recently shown to form invasive pseudopodia that penetrate the APC (185) . This could provide the tension that, together with the high avidity of receptor interactions, would allow the tearing of membrane patches. Moreover, another recent study identified the small Rho GTPases TC21 and RhoG as mediators of trogocytosis at the IS and of TCR internalization (186) . Exchange of membrane proteins has also been described during IS formation between CTLs and target cells, and membrane fusion between these cells leads to the formation of a membrane bridge (170) . Bcell trogocytosis differs slightly from other systems, in that it does not depend on signaling or actin and is not inhibited at 4°C (187, 188) . Moreover, trogocytosis is a constitutive process in most cell types, whereas uptake of MHC-peptide complexes by T cells requires Ag recognition (189) It should also be noted that although some studies suggest that trogocytosis is much more rapid than other protein-transfer mechanisms (190) , given the scarcity of the molecular details about this phenomenon it remains possible that the protein transfer in some of these studies is mediated by exosomes.
Trans-endocytosis
Trans-endocytosis is a protein-transfer mechanism described in several contexts, including immune-system cells (191) (192) (193) . Trans-endocytosis refers to the internalization by one cell of specifically-bound receptor proteins on the surface of another cell. This occurs with the CTLA-4 ligands CD80 and CD86, which can be 'captured' from the surface of one cell by a separate cell expressing CTLA-4 (192) . A possible effect of this 'molecular kidnap' might be to deprive the interacting cell of the capacity to activate other cells, since the negative regulator molecule CTLA-4 shares these ligands with the costimulatory molecule CD28.
Bidirectional trans-endocytosis has been described for the molecule pair CD47-SHPS-1 (191) . This mechanism seems to act as a mechanism to curtail signaling by a specific molecule exposed on the membrane of the interacting cell.
Membrane nanotubes and tunneling nanotubes
Tubular structures containing membrane and filamentous (F) actin have been reported to readily form connections between a variety of cell types. Since their first description as connectors between neurons (194) , a wide variety of nanotubular structures have been described in non-immune and immune contexts. Some studies suggest that nanotubes are formed de novo by membrane protrusions that extend from one cell to another, in a process driven by the actin cytoskeleton (194) Other reports, however, claim that in the IS membrane nanotubes might be created upon disassembly of the contact, as the cells move apart (195, 196) . Exchange of membrane proteins and lipids has been demonstrated between NK cells and their target cells (195) (196) (197) . Glycosylphosphatidylinositol-(GPI)-anchored and palmitoylated fluorescent proteins have both been observed to move along nanotubes, indicating that proteins anchored to the inner or outer plasma-membrane leaflet can be transferred (194, 196, 198) . Bulges along the intercellular nanotubes observed in different studies (194, 196, 199) suggest the traffic of cargo, not only membrane proteins, between immune cells. Vesicles can be transferred through nanotubes in different contexts such as between neurons (194) or between macrophages (199) . Bacteria travel between macrophages through 'thin' nanotubes containing F-actin, while mitochondria travel through 'thick' nanotubes containing both F-actin and microtubules (199) . HIV-1 can also be transported between T cells through nanotubes (198) ; however, the T-cell nanotubes examined in this study were not open-ended. Evidence for communication through openended nanotubes (called tunneling nanotubes or TNTs) was found between macrophages and DCs, where the propagation of calcium flux was detected through nanotubes, presumably inducing functional responses in recipient cells (200) . Nanotubes have also been detected in vivo between DCs (201) . A link between nanotubes and exosomes has recently been described in cultured endothelial cells, suggesting a possible association of these mechanisms of intercellular communication (202) . Transfer of genetic material through TNTs has not been described, although the detection of calcium flux along them suggests that such transfer is feasible.
The literature contains descriptions of several kinds of intercellular tubular structures. Although the structural diversity of nanotubes suggests diverse functionality, transfer of proteins and vesicles along these tubes has been described between immune cells, confirming that membrane nanotubes provide a possible mechanism for intercellular communication when they are formed after the IS.
Gap junctions
Gap-junction-mediated intercellular communication (GJIC) is a widespread homeostatic mechanism that takes place not only in compact tissues and organs but also in the immune system, in lymphoid organs and between peripheral lymphocytes (203) . Gap junctions (GJ) are built by the oligomerization of connexin (Cx) proteins in hexameric hemichannels which, upon docking with a partner on a neighbouring cell, form the gap junction channel. Transport via gap junctions was historically thought to be restricted to molecules and ions below ~1.2 kDa, but recently the passage of siRNAs and synthetic morpholino oligonucleotides of approximately 2-4 kDa was reported (204) .
The possible role of GJIC in intercellular communication in the immune system was first pointed out by Oviedo-Orta and colleages. They described how cocultures of B and T lymphocytes treated with Cx inhibitors are unable to secrete antibodies and show impaired (205) . More recent work has described the recruitment of Cx43 to the IS between T cells and DCs and showed the importance of functional gap junctions for Tcell activation (206, 207) . GJs and stand-alone hemichannels composed of Cx43, the main GJ protein in the immune system, accumulate at the IS in an antigen-dependent manner. Moreover, redistribution of Cx43 to the IS is dependent on the actin cytoskeleton but not on microtubules, suggesting that Cx43 is relocated to the IS exclusively from the pre-existing pool at the plasma membrane (207) . Bidirectional transfer of GJ-permeable dye was described not only during IS formation (207) but also during other immune cell contacts such as homotypic DC-DC interactions (208, 209) or contacts between follicular DCs and B-cells (210) , as well as unidirectionally from DCs to T cells (206) . GJs transfer ions and small signaling molecules (211), but GJIC of small peptides and antigens has also been reported between the cytoplasm of Cx43-transfected carcinoma cell lines and monocytes (212) and between DCs (209), contributing to the subsequent phenomenon of crosspresentation. However, these studies do not rule out the possible involvement of other mechanisms of protein transfer.
Transfer of genetic material through GJs is physically possible. The transfer of small fluorescent oligonucleotides between Hela cells is suggested to occur through GJs formed by Cx43, but not through GJs composed of other connexins expressed in other cell types (204) . GJIC-mediated transfer of miRNA has been reported between cardiac cells (213, 214) , glioma cells (215), and bone-marrow cells and breast-cancer cells (216) . Although miRNA transfer via GJs has not yet been reported between immune cells or during IS formation, its occurance is feasible given previous observations of GJIC at the IS and the fact that Cx43, the main T-cell connexin, is the connexin reported to be permeable to small nucleotides (204) . Moreover, connexin hemichannels that relocate to the IS not only form a GJ by docking with a second hemichannel on the APC, but can also form channels (207) that potentially enable release of material to the intercellular space formed between the two cells at the IS.
CONCLUDING REMARKS AND PERSPECTIVES
EVs have been extensively described as devices for intercellular communication in diverse physiological and pathological contexts. The number of molecules reported to be shuttled in EVs has grown in recent years, and now ranges from membrane proteins to small RNAs. Due to the presence of specific biomolecules in EVs that can reflect a particular pathological situation, they have been proposed as potential biomarkers.
How EVs and their content are incorporated into a recipient cell remains unclear, but the mechanism and the subsequent fate of the cargo seem to depend on the cell type and context. We propose that the immune synapse and other types of connecting structures between immune cells enhance the specific transfer of EVs to ensure functional delivery of their cargo, specifically genetic material in the form of microRNA. However, there several issues require further investigation. The packaging of specific RNA repertoires into EVs that differ from that of the parent cell indicates that specific mechanisms must exist for sorting RNA molecules to EVs. Moreover, different activation states alter the repertoire of RNAs packaged into the EVs, so it is possible that different types of immune cells, for example differentiated T-helper lymphocyte subsets (Th1, Th2, Th17 and Treg), might secrete different EV-shuttled RNAs.
The physiological relevance of protein exchange during IS formation is still unclear, although its occurrence has been widely demonstrated. Some authors claim that trogocytosis-mediated uptake of MHC-peptide complexes by T cells might aid the selection of high-affinity T cells, or in contrast induce 'fratricidal' killing by CTLs. A broader function of this kind of exchange, involving transfer of other molecules, might enable cells to acquire molecules (proteins, lipids and RNAs) that they do not synthesize themselves. It is very likely that these processes will affect signal transduction, allowing intercellular communication to modify the physiology of the recipient cell. The mechanism of the transfer of microRNA and other genetic material at the IS still needs to be addressed, as does the impact of this transfer on the function of the recipient cell.
This knowledge will give us a better understanding of how the IS works and of what are the consequences of this mode of communication. Detailed understanding of how EVs are exchanged between immune cells would permit therapeutic exploitation of these vesicles, which are promising vehicles for gene therapy in diseases of the immune system and in other scenarios. Tumor-derived EVs suppress anti-tumor immune responses by inhibiting T-cell activation and proliferation and stimulating their apoptosis (34, 41, (114) (115) (116) (117) 119) . EVs produced by tumor cells also induce regulatory T cells and MDSCs (34, 118, 120, 121, 130) and inhibit the cytotoxicity of NK and CD8+ T cells (34, (122) (123) (124) (125) . Tumor-derived EVs are taken up by endothelial cells promoting angiogenesis and tumor invasion; the expression of CD147, D6.1A, tissue factor and EGFR in EVs, the transfer of pro-angiogenic components and the induction of MMPs play a role in the pro-angiogenic effects of tumor EVs (52, 132, (134) (135) (136) (137) . Tumor EVs also contribute to tumor growth by stimulating tumor proliferation and inducing metastatic behavior in bone-marrow progenitors (52, 138, 139) . It is also possible that gap junctions formed at the IS discharge material into the intercellular space between the two cells.
